A series of substituted 1,4,7,10-tetraazacylcododecane ligands 1-4, possessing sensitizing nitrobenzene or naphthalene antennae, as one of the amide pendant arms, and their complexes with europium(III) were synthesised. The protonation constants and the metal ion stability constants of two of these ligands were determined by potentiometric titration. The pK a of the water molecules coordinated to the complexed metal ion were determined by both luminescent and potentiometric measurements. The luminescence pH dependence of a further three Eu(III) complexes, 5-7, which lack any antennae, were also studied with the aim of gaining a better understanding of the role of the metal bound water molecules in the luminescence properties of such complexes upon direct excitation of the lanthanide ion. The results from these luminescent measurements demonstrate that the Eu(III) emission was significantly modulated as a function of pH for all the complexes, which we assigned to changes occurring in the coordination environment of the ion within the cyclen system, caused by deprotonation of metal bound water molecules and/or deprotonation of pendent amide arms.
Introduction
Due to the unique magnetic, luminescent and coordination properties of the lanthanides, they have become extensively employed in the synthesis and study of novel coordination networks 1 and metal directed synthesis, 2 in functional supramolecular structures 3 and self-assemblies. 4 Their use in luminescent sensing 5 and imaging technology, 6-8 and as contract agents for MRI is also very well established. 9 They have also been used for mimicking the function of biological species, such as metallo based enzymes.
10,11
While the properties of the lanthanide ion itself is central to all of these functions, the direct, or synergetic, actions of metal bound water molecules (usually mono-or di-aqua species) in such structures is also important to the overall function of such complexes. 12 One of the most commonly used ligands for forming such functional lanthanide complexes/devices is cyclen (1,4,7,10-tetraazacyclododecane). 13 The cyclen structure can be relatively easily synthetically modified, to incorporate a variety of pendant arm functionalities, which, upon complexation to lanthanides, give structures with one or two metal bound water molecules.
14- 16 We have employed such structures extensively in our research endeavours as catalysts for phosphodiester hydrolysis and as luminescent probes, and we have demonstrated that their function/activity is usually highly pH dependent. 17 For instance, we, and others, have shown that the emission of cyclen based Eu(III) and Tb(III) complexes can be tuned as a function of pH in systems possessing sensitizing antenna conjugated to the cyclen macrocycle via a carboxylamide linkage.
18-20 However, to the best of our knowledge, a dedicated study into the effect of pH on the luminescent properties of such simple lanthanide cyclen complexes, that do not have proton acceptors, e.g. heterocycles or amino functionalities, has not been carried out in any detail to date.
With this in mind, we set out to investigate these effects by synthesizing a series of novel cyclen derivatives 1-4 as well as investigating three known cyclen based structures, 5-7, which lack any sensitizing antennae, Fig. 1 . Our aim was to attempt to correlate results from potentiometric pH titrations with that of lanthanide luminescent pH titrations for these complexes, and gain understanding of the effect that metal bound water molecules, as well as pendant arms, possessing protonating/deprotonating amide functional groups, have on the photophysical properties of these structurally simple complexes. The results obtained should allow for the accurate assignment of the various species in solutions, and correlate these to the changes in luminescence properties.
Results and discussion

Synthesis and characterization of 1-7
We have previously employed the naphthalene chromophore as a sensitizing antenna in lanthanide luminescent complexes for use as luminescent sensors for anions as well as in the development of lanthanide mediated self-assemblies. 15 Herein, examples 2-4 were developed by incorporating the naphthalene antenna through a pendant amide linkage, either via a methylene spacer or as part of the amide functionality. All the complexes were designed so that they would give rise to an eight coordinate environment around the lanthanide ion, which should ensure that each metal would possess a single metal bound water molecule, giving an overall nine coordinate complex. These structures should provide us with two possible scenarios, where in the case of 2, the aryl amide possesses an acidic amide proton which can be deprotonated leading to concomitant modulation in the lanthanide luminescence, and in the cases of 3 and 4, the antenna would not be expected to be as sensitive to changes in pH. Hence, for 3 and 4, any significant luminescent changes observed as a function of pH should only be as a direct consequence of deprotonation of metal bound water molecules.
Compound 1 was also investigated for comparison, as the presence of the 4-nitro moiety in the aryl antenna would make the amide proton even more acidic and hence deprotonation at lower pH would be expected. The synthesis of ligands 1, 5-7 and Eu5-7 are established and reported elsewhere.
4,21,22
The synthesis of ligands 2-4 was achieved as shown in Scheme 1. The achloroamide compounds 8 and 9 were prepared from the reaction of the primary amine derivatives with triethylamine and either chloroacetyl chloride or chloroacetic anhydride, respectively, in DCM at 0
• C. Compound 8 was then reacted with the trisubstituted cyclen derivative 10 in the presence of Cs 2 CO 3 in DMF to yield ligand 2. Under similar conditions compound 9 was reacted with either the tri-substituted cyclen derivates 10 or 11 to yield ligands 3 or 4, respectively. The Eu(III) complexes of 1 and 2 were made by reacting one equivalent of Eu(ClO 4 ) 3 with the ligand in MeOH at room temperature, giving complexes, Eu1 and Eu2, respectively. In compounds 2-4, the naphthyl-based antenna, has T 1 energy states lower than 20 000 cm -1 , as this prevents the effective population of Tb(III) excited states (due to quenching by O 2 ) and hence, only the Eu(III) complexes were made. The Eu(III) complexes of 3 and 4 were made by refluxing one equivalent of Eu(CF 3 SO 3 ) 3 with the ligand in CH 3 CN, giving complexes, Eu3 and Eu4, respectively. All the Eu(III) complexes gave rise to significant chemical shifts in the 1 H NMR spectra due to the presence of the paramagnetic Eu(III) ion. The characterization of these ligands and their corresponding Eu(III) complexes is given in the experimental section.
The hydration state, or the number of metal bound water molecules was also determined, by measuring the lifetimes of the deactivation of the Eu(III) excited state in H 2 O and D 2 O respectively. 22 For Eu2, Eu3 and Eu4, these were determined as 1.25, 1.11 and 1.55 (± 0.3), respectively, indicating that all of these complexes possessed a single metal bound water molecule. For Eu4, a q value of 1.55 is quite high, which might indicate that a second water molecule might be partially coordinating. Similarly, complexes Eu1 and Eu5-7 were also shown to have single metal water bound molecule. Having successfully synthesized the above compounds we next undertook the potentiometric analysis of ligands 1 and 2 and their corresponding Eu(III) complexes, with the aim of determining the pK a of these metal bound water molecules.
Potentiometric determination of pK a
The pK a 's of the protonated ligands 1, Fig. 2 , and 2 were determined in 50 : 50 water-methanol (v/v) solution to ensure complete solubilization. The ligands were acidified with HClO 4 and titrated against NEt 4 OH under argon at 25
• C with I = 0.1 M (NEt 4 ClO 4 ). The logarithm of the stepwise protonation constants for ligands 1 and 2, obtained from the mathematical treatment of their respective potentiometric titration data are represented in Table 1 ; the conditions for each titration are listed below the table. Four pK a 's were determined for the protonated ligands 1 and 2 and these were assigned to the protonated macrocyclic amines. The incorporation of a naphthyl pendant arm in comparison to a nitro phenyl pendant arm had only a very small effect on the protonation constants of the ligands. The nitro phenyl pendant arm causes a slight increase in the overall acidity of the ligand in comparison to the naphthyl pendant arm. This can be attributed to differences in steric bulk of the two ligands, which alters the hydrophobicity of the system. We also determined the pK a 's of ligands 5-7 at 25
• C with I = 0.1 mol dm -3 (NEt 4 ClO 4 ) in 100% H 2 O. However, we were only able to determine three pK a 's accurately for each of the ligands. For 5, which possesses primary amides these were 10.71 ± 0.02, 8.93 ± 0.02 and 6.35 ± 0.03. Whereas, for 6, possessing secondary amides, the three pK a 's were determined as: 9.13 ± 0.04, 5.60 ± 0.01 and 2.24 ± 0.01, and for 7, with tertiary amides, these were determined as 9.50 ± 0.07, 6.34 ± 0.03 and 2.93 ± 0.03, respectively. The exact assignment of these pK a 's is difficult based only on this experimental data. However, based on analysis of similar systems 23 it is anticipated that for 6 and 7 the three pK a 's determined may be attributed to the protonation of the cyclen based amines. With the fourth cyclen based amine occurring at a very acidic pH. Whereas for 5, only two of the pK a 's would be attributed to the cyclen based amines (third and fourth being too acidic for measurement); the other pK a is most likely to be from one of the primary amide pendant arms.
Evaluating the formation of Eu1 and Eu2 by potentiometric titrations
The complexation constants and stoichiometry of the Eu(III) complexes of 1 and 2, were determined using the above method, in the presence of Eu(III), Table 2 . The metal ion competes with protons in the acidic media for ligand coordination sites; this alters the pH of the solution and results in a different titration curve as can be seen for 1 in Fig. 2 . The basicity of the donor atoms is known to directly influence the stability of the complex, and as already mentioned, this is affected by the presence and type of pendant arm. The ligands presented here have been designed to coordinate lanthanide ions in an octadentate coordination "cage", leaving the lanthanide ion coordinatively unsaturated. Hence, the remaining site is then occupied by a water molecule. Two pK a values for the metal ion complexes of ligands 1 and 2 with Eu 3+ were determined. From the potentiometric titrations alone the exact assignment of these pK a values is not possible. However, it can be anticipated that one of these pK a values could be assigned to the deprotonation of the metal bound water molecule.
It has been previously reported by us and others that the incorporation of an electron withdrawing group in a position adjacent to the amide bearing the donor oxygen lowers the pK a of the nitrogen in the amide.
15, 16 Therefore, it can be assumed that the other pK a corresponds with the deprotonation of the nitrogen in the bonding amide. The speciation distribution diagram for the titration of 1 with Eu(III) as a function of pH is shown in Fig. 3 , and demonstrates three possible pH windows that could modulate the luminescence of the complex. The slight variation in the pK a values for the two complexes, Eu1 and Eu2, may be attributed to the differences in steric bulk. The determination of the stability constants for 5-7 was also attempted, however, on all occasions precipitation occurred under potentiometric titration conditions. The formation of insoluble metal hydroxide species at the high concentrations required for potentiometry is commonly observed for such cyclen based lanthanide complexes. 
Photophysical investigations as a function of pH of ligands 1 and 2 and their Eu(III) complexes
The lanthanide ions are considered to be photophysically inert with low molar absorptivity due to Laporte forbidden ff transitions. While the lanthanide excited state can be formed by direct excitation, then these are often generated indirectly by using a sensitizing chromophore, or an antenna; these being the nitrobenzene and the naphthalene in ligands 1-4.
The Eu 3+ complexes Eu1 and Eu2, were excited at their absorption maxima 298 nm and 280 nm, respectively. On both occasions, sensitized luminescence was observed from the metal ion centre in these complexes in 50 : 50 (v/v) MeOH-H 2 O. The Eu 3+ emission spectra recorded for Eu1 in acidic media, following excitation of the nitrophenyl moiety at 298 nm, displayed five bands arising from the deactivation of 5 D o level to 7 F J (J = 1, 2, 3 and 4). In contrast to these results, when the same solution was excited in alkaline media at 298 nm, the Eu 3+ emission is essentially fully quenched, Fig. 4 . This is quite a striking result, as unlike many antennae previously reported in the literature it is only the amide moiety in the pendant arm that can be deprotonated under these conditions 13 as the antenna themselves do not possess groups capable of donating a proton. Consequently, we carried out a detailed luminescence pH titration of Eu1, the overall results of which are shown in Fig. 3 . Examination of the change in emission intensity as a function of pH showed that the emission intensity was unchanged until around pH 6.5, where upon a dramatic reduction in intensity follows as the pH is increased. Full quenching of the Eu 3+ emission occurs above pH 10. The pH range over which the Eu 3+ emission intensity changes suggests that the complex, Eu1, undergoes two deprotonation steps. The pK a 's determined for the deprotonation of the Eu1 complex from the potentiometric titrations correlate very well with the pH range over which the Eu 3+ emission intensity changes. The lifetimes of the Eu1 complex as a function of pH were also recorded and were only observed to change above pH 7, as demonstrated in Fig. 3 .
By plotting the changes in Eu 3+ emission intensity and the lifetime of the complex with the changes in species of the Eu1 complex determined potentiometrically as a function of pH the species can be assigned based on the resultant photophysical changes, Fig. 3 . The change in the lifetime of the complex above pH 7 suggests that the pK a at 7.97 corresponds with the deprotonation of the metal bound water. The lifetime of the complex would be expected to be significantly altered upon deprotonation of metal bound water. Therefore, deprotonation of the nitrogen in the bonding amide can be assigned to the pK a occurring at 6.55. This pK a is significantly lower than may be expected, but can be accounted for by the inclusion of the lanthanide ion and an electron withdrawing group. This is supported by the change in the fluorescence emission as a function of pH, Fig. 5 . The largest change in fluorescence emission for Eu1 occurs between pH 4-7; over 70% of the total change in fluorescence intensity occurs over this range. The fluorescence intensity is observed to plateau above pH 7. Deprotonation of the amide nitrogen adjacent to the nitrophenyl group would be expected to result in the largest change in fluorescence intensity. It is also important to note that the photophysical measurements along with the potentiometric titrations were carried out in the same solvent system, 50 : 50 (v/v) MeOH-H 2 O, to allow for comparison. In a similar manner, excitation of Eu2 at 280 nm gave rise to fluorescence from the naphthalene group and sensitized emission from the Eu 3+ centre. The luminescence emission from the Eu 3+ was sensitive to pH. Excitation at low pH gave rise to strong emission from the Eu 3+ centre, increasing the pH resulted in a significant decrease in intensity of the metal-based emission; a number of protonation steps were visible. The steps were identified by monitoring all six J bands as a function of pH. From the resultant data protonation steps occurring between 6.5-7.0 and 8.0-8.5 can be observed. These values correspond extremely well with the values reported from the potentiometric titration. Examination of the change in intensity and lifetimes of the complex as a function of pH plotted against the speciation diagram for Eu2, Fig. 6 allows for assignment of the protonation steps. It is worth pointing out that the profile within the neutral and acidic media is quite different from that observed for Eu2, which is most likely due to the difference in the nature of the antenna itself. This is also supported by the change in fluorescence intensity as a function of pH (not shown). The fluorescence emission was only observed to undergo significant modulation between the pH ranges of 5-7. This indicates that the deprotonation of the nitrogen amide adjacent to the naphthalene residue occurs over this pH range.
The combination of the four types of data (potentiometric, fluorescence, luminescence and lifetimes) has allowed for accurate assignment of the species in solution and their physical properties for both Eu1 and Eu2. This would not have been possible had the data not be examined in conjunction with each other. The accurate assignment of the species in solution, especially the deprotonation of the metal bound water vs. the amide is especially important for the synthesis and activity of enzyme mimics.
Photophysical investigations of Eu3 and Eu4 a function of pH
With the view of exploring the effect that introducing a spacer between the antenna and the coordinating amide has on photophysical properties Eu3 was synthesized. In addition Eu4 was also synthesized to examine if changing the pendant arms, which do not contain the antenna moiety, from a tertiary to a secondary amide has an effect on Eu(III) emission as a function of pH. Both Eu3 and Eu4 had absorption maxima centred around 280 nm, assigned to the p-p* transition of the naphthalene group. This is similar to Eu2 as expected. Slight hyperchromic shifts were observed for the band centered at 280 nm for both complexes at elevated pH; the largest changes been seen between pH 10-13. The effect was reversible in each case.
Similar pH dependent changes were seen in fluorescence emission spectrum over the same pH range, where the emission was ca. 50% quenched in alkaline pH. For both Eu3 and Eu4, upon excitation at 278 nm, the formation of an emission band centered at~340 nm was observed, which was similar to that seen for Eu2 above.
Excitation of the antenna at 278 nm in Eu3 and Eu4 also gave rise to Eu(III) centred emission. At neutral pH, the hydration states were found to be 1.1 and 1.5 for Eu3 and Eu4, respectively. The intensity of the Eu(III) emission when excited at 281 nm was also recorded as a function of pH. The Eu(III) emission for both Eu3 and Eu4 was enhanced by ca. 10 fold at high pH (above pH 10), This indicates that both Eu3 and Eu4 have a pK a in the range of 11.5-12, e.g. Fig. 7 , for Eu3. On comparison of the pH range over which both the Eu 3+ emission intensity and the fluorescence intensity changes for Eu2 and Eu3 we can see that the acidity of the system decreased as the distance between the amide and the aromatic group increased. This supports the argument that the presence of an electron withdrawing group adjacent to the amide significantly alters the acidity of this group, with concomitant changes in the pH response of the Eu(III) emission. 
Photophysical investigations of Eu5-7 as a function of pH
With the view of attempting to quantify the effect of pH on the Eu(III) emission further, we next investigated a series of complexes that lack any antennae. It was anticipated that the results from these investigation would help quantify the effect of pH on lanthanide bound water molecules as well as give some insight into the effect pH has on structural changes within such simple cyclen based systems; where only the amide moieties are modified, being NH 2 , NHMe and NMe 2 for 5, 6 and 7, respectively.
In the case of Eu5-Eu7, which are well known structures, the lack of antennae means excitation of the Eu(III) ion can only be achieved through direct excitation at the metal centre at 395 nm. The changes in the Eu(III) emission as a function of pH were monitored in a similar manner to that seen for Eu1 and Eu2. The overall changes in the Eu(III) emission of Eu5 as a function of pH is shown in Fig. 8A , which demonstrates significant emission changes as a function of pH. By plotting the intensity changes against pH as shown in Fig. 8B , it can be seen that within acidic and neutral pH regions, the emission can be considered as being pH independent. While at more alkaline pH the emission from the hypersensitive DJ = 2 transition is initially "enhanced" up to ca. pH 11, but thereafter, the emission is quenched. In contrast, the emission arising from the DJ = 1 and 4 transitions, is quenched within the same alkaline region.
With the view of further analyzing this pH dependence, the excited state lifetimes of the Eu(III) emission were recorded as a function of pH, which showed that in acidic and neutral pH regions (ca. pH 2 → 8) the lifetimes in water remained constant. However, above pH 8 a slight shift occurred and above pH 11 the lifetimes became significantly longer. Plotting the changes as a function of pH, gave a profile that resembled that seen for the changes in the DJ = 2 transition.
We next repeated the pH titrations using Eu6 and Eu7. Similar changes were seen in the Eu(III) emission spectra of these complexes as was seen for Eu5, with the exception that the DJ = 2 transition was not quenched at high pH.
The analysis of the three transitions DJ = 1, 2 and 4 is shown in Fig. 9A and Fig. 9B , for Eu6 and Eu7, respectively. This demonstrates again, that the emission from the hypersensitive DJ = 2 transition is enhanced in alkaline pH, while the DJ = 1 and 4 transitions are quenched. While we were unable to fit this data to give accurate protonation constants, it is clear from these profiles that the nature of the amide substituent has a significant affect on the emission. The change in Eu(III) emission can only be assigned to either, the deprotonation of metal bound water molecules, or the deprotonation of the amides. The former, would be expected to have pK a around pK a~8 -9. Hence, as the emission is most significantly affected for the primary amide 5, we propose that the observed modulation in the Eu(III) emission is more to do with deprotonation of the amide moieties, or that in highly basic media, the complexes undergo some structural changes that effects DJ = 2, which is highly sensitive to the coordination environment of the complexes.
Unfortunately, we were, as discussed above, unable to determine the pK a 's of these complexes using potentiometric measurements due to early precipitation for these systems. The pH at which precipitation of these complexes occurred supports the formation of the metal bound hydroxyl species. However, at the low concentrations required for spectroscopy, this process in these systems does not give rise to significant changes in the Eu(III) emission, clearly demonstrating that the interruption of any such changes in the metal centred emission can be difficult to elucidate.
Conclusions
In conclusion, we have shown how a range of physical measurements can be exploited in the effort to understand the formation of species in solution. By comparing changes in physical properties through a range of techniques the assignment of complex protonation steps was made feasible. We have also demonstrated that the emission arising from the lanthanide ion can be highly sensitive to the nature of the pendant arms, as the Lewis acid nature of lanthanide and the nature of the amide substituent's can enable various competitive deprotonation processes to be activated which result in the modulation of the lanthanide emission. -N-naphthalen-1-yl-methyl-acetamide 9 The naphthalene methylamine (0.46 cm 3 , 3. 
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